The cytoplasmic deoxyvirus frog virus 3 (FV3) can replicate in HeLa cells at a permissive temperature (26 °C). The effect of virus infection on the host-cell RNA metabolism was studied at both permissive and non-permissive (37 °C) temperatures. The inhibition of precursor ribosomal RNA synthesis was shown to take place soon after infection at both temperatures. However, the inhibition of synthesis of heterogeneous nuclear RNA occurs only at the non-permissive temperatures.
INTRODUCTION
Frog virus 3 (FV3) is a virus containing DNA, which replicates in the cytoplasm of amphibian and mammalian cells at a wide range of temperatures (I2 ° to 32 °(2). Cells infected by FV3 show a marked inhibition of DNA, ribonucleic acid (RNA), and protein synthesis shortly after infection at both permissive and non-permissive temperatures (Granoff, I969; Guir, Braunwald & Kirn, I97I) . At 37 °C the virus does not develop and there is inhibition of synthesis of virus DNA and RNA, which makes this system convenient for studying the effect of the virus on cell metabolism (Braunwald, Guir & Obert, I972) . The mechanism by which FV3 inhibits the synthesis of host cell RNA, DNA and protein is unknown, although it was suggested that a structural component of the virus particle is responsible for the virus-induced inhibition (Granoff, I969; Vilagines & McAuslan, I97O; Guir et al. I97I; Braunwald et al. I97Z) .
HeLa-S3 cells, a line of human cervix carcinoma cells, was chosen for our study, because of the intensive study on the RNA metabolism previously performed with these cells. It has been established that the first precursor to ribosomal RNA (Rb-RNA) synthesized in the nucleolus by the activity of polymerase I, is 45 S RNA (pre-Rb-RNA) (Scherrer & Darnell, I96z) which is later cleaved into 32 S and 18 S RNA (Perry, 1964; Penman, 1966) . The 18 S RNA is rapidly transferred to the cytoplasm while the 32 S RNA remains in the nucleus and is transformed into nuclear 28 S RNA; later cytoplasmic 28 S RNA appears (Greenberg & Penman, 1966) . Another constituent of the RNA of mammalian ceils is the heterogeneous nuclear RNA (Hn-RNA), transcribed by polymerase II, the major nucleoplasmic polymerase (Attardi et al. I966; Scherrer et al. I966, Warner et al. I966) . This Hn-RNA ranges in sedimentation values from IOS to 2oo S. During short periods of radioactive isotope incorporation, it reaches high specific activity (Penman, Vesco & Penman, I968) .
It was reported (Constanzo et al. I97o; that in FV3-infected BHK cells tbere is a selective inhibition of the activity of RNA polymerase II when assayed in a cell-free system, which parallels the inhibition of RNA synthesis of the infected cell. In order to further clarify the nature of the virus-cell interactions in FV3-infected HeLa cells we analysed the RNA produced in the infected and uninfected cells at both the permissive and non-permissive temperatures.
Cell cultures. HeLa-S3 cells (Flow Laboratories, U.K.) were propagated at 37 °C as monolayer cultures in I 1 Roux bottles and in 60 mm plastic Petri dishes (Nunc, Denmark). The growth medium consisted of minimum Eagle's medium (MEM) supplemented with IO % inactivated calf serum. One hundred units of penicillin, Ioo/~g streptomycin, Ioo #g kanamycin, and Ioo #g neomycin/ml were included in the medium. Cultures grown in Petri dishes were incubated in a humidified air atmosphere containing 5 % CO2.
Preparation of virus stock. Frog virus 3 (FV3) was obtained from Dr A. Granoff (St Jude's Children's Research Hospital, Memphis, Tenn., U.S.A.), and has been grown in our laboratory in BHKEI cells at 26 °C. We adapted FV3 to grow in HeLa S-3 cells by serial passages. Stocks of the HeLa-adapted virus were prepared by infection of HeLa cell cultures at an input multiplicity of 5 p.f.u./cell. Cells were incubated at 26 °C and after three days showed c.p.e, characterized by pyknosis and rounding up. The cells were suspended in the medium and subjected to ultrasonic treatment for I min in the cold (MSE sonicator at a wavelength of 8 to 9/~m). When a crude concentrate virus preparation was needed, the infected cells were harvested and washed once in buffered saline. The cells were then resuspended in a small vol. of saline and kept frozen at -2o °C. Before use, the suspension was subjected to ultrasonic treatment (MSE sonicator at a wavelength of 8 to 9/~m).
Virus assay. Virus infectivity was estimated by plaque assay on BSC r cells. Monolayers of BSC t cells in 60 mm plastic Petri dishes were inoculated with 0"4 ml of a dilution of virus sample. Following adsorption for 45 min at 26 °C, a nutrient overlay was added. The overlay consisted of 94 % MEM, 5 % inactivated calf serum and 1% Special Agar Noble (Difco Lab. Detroit, Mich., U.S.A.). Cultures were incubated at 26 °C in a humidified atmosphere of air containing 5 % CO~. Five days after infection a second agar overlay containing neutral red at a concentration of 1:4oooo was added. Plaques were counted after I to 2 days (Granoff, Came & Breeze, I966 ) .
Virus growth curves. Monolayer cultures of HeLa S-3 cells were infected at an input multiplicity of I to 2 p.f.u./cell. After adsorption for 60 min at 26 °C the cells were washed four times with buffered saline. Medium containing 5 % calf serum was added and the cultures were further incubated at 26 °C. At selected intervals, cultures were removed, the medium harvested and centrifuged at low speed to remove cellular debris; the supernatant fluid contains released virus (RV). The cells were removed with a rubber policeman into buffered saline, and after ultrasonic treatment (MSE sonicator at a wave length of 8 to 9 #m) for I min, were used to measure cell-associated virus (CAV). When the total virus yield per culture was determined, the cells were resuspended directly into the medium, and subjected to ultrasonic treatment before the plaque-forming assay.
RNA synthesis. Monolayer cultures of HeLa-S3 cells grown in 60 mm plastic Petri dishes were infected at an input multiplicity of 20 to 30 p.f.u./cell in a vol. of o'4 hal. After adsorption for 6o min at 26 °C, 2 ml MEM containing 5 % calf serum was added. Depending on whether continuous or pulse labelling was used, [ZH]-uridine (29 Ci/mmol, Amersham, England) was included in the medium immediately after virus adsorption or at selected intervals thereafter. The reactions were stopped following incubation at 26 °C or 37 °C by adding ice-cold buffered saline to the plates. Cells were transferred to a conical tube and washed twice with cold buffered saline. Cell fractionation was carried out by the method of Penman 0966), that has been previously described in detail (Greenberg & Penman, I966; Penman, Smith & Holtzman, I966; Penman etaL I968) , with some modifications according to Zylber & Penman (I97o) . The washed cells were swollen in hypotonic RSB buffer
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, for 5 to Io rain in the cold. Nonionic detergent, NP4o, was added to a final concentration of o'5 % and the preparation was vigorously shaken on a Vortex mixer. The nuclei were collected by sedimentation at 9oo g for 3 rain, washed once with RSB and sedimented as described above. The combined supernatant fluids constituted the cytoplasmic fraction. The nuclei were then lysed in high-ionicstrength buffer (HSB: 0"5 M-NaC1, 0"05 ~¢-MgC12, o.oI M-tris HC1, pH 7"4), and digested with 5o #g of deoxyribonuclease (DNase) I (RNase free, Worthington Biochemical Co.) for 1 to 2 rain at 37 °C.
When a further fractionation of nuclei was required after DNase treatment, the nucleoliwhich are left largely intact -were sedimented by centrifuging at 8oo0 rev]min for 5 rain in the Sorval centrifuge. The supernatant fluid constitutes the nucleoplasmic fraction, and the pellet, resuspended in RSB buffer, the nucleoli fraction.
Analysis ofRNA. RNA was released from the ribonucleoprotein complex by the addition of SDS (final concentration of 1%) to the cytoplasmic or nuclear fractions. The resulting sample was analysed in I5 to 3o % (w/w) sucrose gradients prepared in SDS buffer (o'~ MNaC1, o.ooI M-EDTA, o.or M-tris-HC1, pH 7"4, o'5 % SDS) and centrifuged in the Spinco SW 4I rotor at 22 °C as indicated. E~0o was measured with a continuous recording spectrophotometer and fractions were collected. The fractions were precipitated with cold TCA and filtered through fibreglass filters, and radioactivity was measured in a Packard TriCarb liquid scintillation counter.
RESULTS

Growth of FV3 in HeLa-S3 cells
The growth of the virus in HeLa cells at 26 °C and 37 °C, the non-permissive temperature, was first examined. Monolayer cultures of HeLa-S3 cells containing 5 × Io6 cells were infected with the HeLa-adapted FV3 virus at an input multiplicity of 2 p.f.u./cell. Virus development at 26 °C was followed by assaying both ceil-associated virus (CAV) and released virus (RV). Increase in CAV was first detected between 6 and 8 h after infection and continued almost at the same rate thereafter (Fig. I a) . The increase in RV paralleled the formation of CAV (Fig. I a) and at 70 h post-infection a too-fold increase in virus yield was obtained. However, only 3 to 5 % of the total amount of virus detected by plaque assay was released from the cells. Fig. I b shows that the virus is able to grow in HeLa-S3 cells at 26 °C while growth is completely inhibited at 37 °C.
Effect of FV3 on the synthesis of ribosomal RNA
The effect of the FV3 infection on the synthesis and processing of the ribosomal-RNA (Rb-RNA) was studied by continuous labelling at both permissive and non-permissive temperatures and by analysing the RNA products in the nuclear and cytoplasmic fractions. Monolayer cultures of HeLa-S3 cells were grown to 5 to 6 × Io G cells]Petri dish and infected with FV3 as described in the Methods. After adsorption at z6 °C for 6o rain, [ZH]-uridine was added and the cultures were further kept at 26 °C or transferred to 37 °C. After 3o rain, 3 h and 8 h of labelling, the reaction was stopped by the addition of cold saline buffer. Cytoplasmic and nuclear fractions were immediately prepared and the RNA analysed by SDS-sucrose gradient sedimentation. At 26 °C the synthesis and processing of the hostcell pre-Rb-RNA was reduced (Fig. 2) , as compared to this process at 37 °C (Fig. 3) . The inhibitory effect of the virus on the HeLa pre-Rb-RNA synthesis and processing at the permissive temperature (26 °C) is shown in Fig. 2 . At 9o min and even 4 h after infection, Monolayer cultures of HeLa S-3 cells were infected at an input multiplicity of 2 p.f.u./cell at 26 °C. After adsorption for 60 rain, cultures were washed with saline and fresh medium was added. At time intervals, the incubation was stopped and cell-associated (CAV) and released virus (RV) were determined by plaque assay on BSCI cells. (b) Effect of temperature on virus growth. Infection and adsorption were performed as in (a). Following adsorption, parallel sets of cultures were incubated either at 26 °C or transferred to 37 °C for further incubation. At the indicated times, cultures were removed and total virus was determined by plaque assay on BSCI cells. synthesis of 45 S RNA was still detectable in the nuclear fraction of the infected cells (Fig. 2a, b) . As in the control uninfected cells, the 45S RNA is cleaved to several intermediates, which remain in the nuclear fraction, delaying the appearance of the Rb-RNA 08 S and 28 S) in the cytoplasm. At 9 h post-infection the synthesis of 45 S RNA is greatly inhibited (Fig. 2 c) . It should be noticed that the synthesis of cytoplasmic small mol. wt. RNA (4 S and 5 S) is only slightly inhibited by the virus infection at the permissive temperature (Fig. 2d, e, f) .
We also followed the effect of virus infection at the non-permissive temperature (37~°C; Fig. 3 ). The inhibitory effect on the pre-Rb-RNA synthesis takes place soon after infection. The small amount of pre-Rb-RNA found in the nucleus of the infected cells is later processed into intermediates (Fig. 3 a, b, c) . With longer incubation time, some of the RNA can be found in the cytoplasm but the ratio of I8 S to a8 S RNA is different from that in the control uninfected cells, where a normal pattern of synthesis and processing of pre-Rb-RNA takes place (Fig. 3 e, f) .
Effect on the synthesis of Hn-RNA To determine the effect of virus infection on the synthesis of Hn-RNA, HeLa cells were pulse labelled with [aH]-uridine for 4o min at 14 h post-infection. The RNA found in the nucleolar and nucleoplasmic fractions from infected and uninfected cells, at both permissive and non-permissive temperature, was analysed by sucrose gradient sedimentation. Cultures, infection and labelling conditions were as described in Fig. 2 , except that the incubation after adsorption was carried out at 37 °C. Cell fractionation and RNA analysis as described in Fig. 2.0--0, control; © ---©, FV3-infected cells.
Hn-RNA of heterogeneous sedimentation values is clearly seen in the nucleoplasmic fraction. As a result of virus infection the RNA from the nucleolar fraction is inhibited by more than 9 ° ~o (Fig. 4a) , meanwhile the RNA found in the nucleoplasmic fraction is inhibited about 75 % as compared to the uninfected cells (Fig. 4b) . When the experiments were performed at the permissive temperature (z6 °C) a general lower synthetic activity was observed in the uninfected cells; only 45 S RNA is found in the nucleolar fraction (Fig.  5 a) . The Hn-RNA in the nucleoplasm (Fig. 5 b) is broadly distributed in a similar pattern as shown in Fig. 4 Mort©layer cultures of HeLa S-3 cells (I x l© 7 cells) were infected with FV3 at an input multiplicity of 2 p.f.u./cell; after I4 h incubation at 37 °C, cultures were washed with saline buffer and fresh medium containing 5 ~ calf serum and 4o #Ci pH]-uridine/plate was added. The incubation continued for an additional 4o min. Cells were fractionated as described in methods and the nucleolar and nucleoplasmic RNA were analysed in a t5 to 3o ~ (w/w) SDS-sucrose gradient; the sedimentation was carried out in a Spinco SW 4I rotor at 2oooo rev/min for I6 h at z2 °C.
• e, control; © ---O, FV3-infected cells.
in the FV3-infected cells is observed at 26 °C. The pre-Rb-RNA is inhibited by 60 %, while the Hn-RNA is almost not inhibited by the virus infection (Fig. 5 a, b) . This result was also obtained using different labelling time (IO min to 2 h) (our unpublished results).
DISCUSSION
The experiments presented in this paper provide information on the synthesis of host-cell RNA in the FV3-infected HeLa cells at both permissive and non-permissive temperatures. The results were analysed taking into consideration the reduced synthesis of RNA observed when the cells were incubated at sub-optimal temperature. It was shown previously (Stevens & Amos, 1971 ) that the incubation of cells at sub-optimal temperature results not only in the reduced synthesis of ribosomal precursor RNA but also in selective reduction of the subsequent processing of the precursor RNA. The nature of the block in processing imposed by reduced temperature is not known, but was shown to be reversible on raising the temperature. We also showed that the synthesis of the Hn-RNA is affected by the lower temperature although less than the synthesis of the pre-Rb-RNA.
By isolating nucleolar and nucleoplasmic fractions we could follow separately the syn- The conditions of the experiment were as described in Fig. 4 , but the incubation temperature during the entire experiment was 26 °C.
thesis of the pre-Rb-RNA and Hn-RNA, when the appropriate labelling conditions were used. While the synthesis of pre-Rb-RNA is greatly affected by virus infection at 26 °C or 37 °C, the synthesis of Hn-RNA seems to have a different sensitivity to the infection, with FV3 depending on the temperature of incubation. At 26 °C the synthesis of Hn-RNA is not affected by the virus, either in amount or size, having a similar distribution characteristic of Hn-RNA in both infected and uninfected cells. At 37 °C the Hn-RNA is very much inhibited, as compared to the control uninfected cells. While we analysed the activity of the RNA polymerases by the RNA produced in the intact cells, different results were reported by Constanzo et al. (r97o) and Campadelli-Fiume et aL U972), who used a cell-free system to study the behaviour of RNA polymerases activated at high ionic strength in FV3-infected BHK cells. They attributed the diminished RNA synthesis exhibited in FV3-infected cells to a decreased activity of RNA polymerase II only.
The precise mechanism of inhibition of the synthesis of host-cell RNA by FV3 infection is not known yet. However. our results show that after infection at the non-permissive temperature (37 °C) the virus is unable to replicate, while there is a complete shut-off of host-cell RNA synthesis. These findings suggest the presence of a thermostable inhibitor in the virus particle. Previous observations by Gravell (I969) showed that u.v.-inactivated virus inhibited cellular RNA and DNA synthesis in fathead minnow (FHM) cells. Heatinactivated FV3 was also capable of suppressing synthesis of host-cell macromolecules (Guir et aL I97I ) . At a permissive temperature (26 °C) the virus is able to grow in HeLa cells obtaining a too-fold increase in virus yield at 70 h post-infection; most of the virus remains cell-associated. When we studied the effect of virus infection at 26 °C on the host-cell RNA synthesis, different sensitivity of the RNA polymerases was observed, where Hn-RNA is still produced in the infected cells. It was shown recently that messenger RNA (m-RNA) in mammalian cells appears to be derived from a class of high mol. wt. nuclear precursor molecules termed Hn-RNA (Molloy, Thomas & Darnell, I972). It is suggested that FV3 would not inhibit the chain of reactions Hn-RNA ~ m-RNA ~ proteins, at a temperature permissive for its replication, which might produce proteins necessary for the virus multiplication. Whether the inhibition of host-ceU macromolecular synthesis is an absolute requirement for FV3 replication remains to be established.
